We report photoluminescence (PL) imaging and spectroscopy of air-suspended carbon nanotubes (CNTs) before and after exposure to a brief (20 s) UV/ozone treatment. These spectra show enhanced PL intensities in 10 out of 11 nanotubes that were measured, by as much as 5-fold. This enhancement in the luminescence efficiency is caused by oxygen defects which trap excitons. We also observe an average 3-fold increase in the D-band Raman intensity further indicating the creation of defects. Previous demonstrations of oxygen doping have been carried out on surfactantcoated carbon nanotubes dissolved in solution, thus requiring substantial longer ozone/UV exposure times ($15 h). Here, the ozone treatment is more efficient because of the surface exposure of the air-suspended CNTs. In addition to enhanced PL intensities, we observe narrowing of the emission linewidth by 3-10 nm. This ability to control and engineer defects in CNTs is important for realizing several optoelectronic applications such as light-emitting diodes and single photon sour Over the past few years, oxygen doping of carbon nanotubes (CNTs) through ozonolysis has been shown to produce localized exciton states that exhibit enhanced photoluminescence (PL) intensities ($20Â), long photoluminescence lifetimes (>1 ns), and promising photon antibunching signatures for single photon emission, even at room temperature.
Over the past few years, oxygen doping of carbon nanotubes (CNTs) through ozonolysis has been shown to produce localized exciton states that exhibit enhanced photoluminescence (PL) intensities ($20Â), long photoluminescence lifetimes (>1 ns), and promising photon antibunching signatures for single photon emission, even at room temperature. [1] [2] [3] [4] [5] [6] [7] In the work of Htoon et al.,
1 surfactant-coated carbon nanotubes suspensions were mixed with ozone saturated water and exposed to UV light for 17 h. In their experiments, not only deep trap emission peak for oxygen-doped nanotubes in the 1.06-1.15 eV PL spectral range were observed but also multiple sharp asymmetric emission peaks were reported at energies 50-300 meV redshifted from the E 11 bright exciton peak. In the work of Weisman et al., 3 surfactant-coated carbon nanotubes were exposed to ozone and white light for up to 16 h. They found that the oxygen-doped single-walled carbon nanotubes (SWCNTs) are much easier to detect than pristine SWCNTs because they give stronger near-infrared emission. This work also showed distinct near-infrared fluorescence at wavelengths 10%-15% longer than displayed in pristine semiconducting SWCNTs. In the work of Vialla et al., the PL spectra of nanotubes show the emergence of sharp peaks at low temperatures corresponding to localized excitons coupling to phonons. 4 The work of Hofmann et al. showed that, at low temperature, excitons in suspended nanotubes become localized around defect sites and exhibit long-lived luminescence emission, greater than 3 ns. 5 Similar results can also be found in the work of Sarpkaya et al., who reported PL lifetimes up to 18 ns from localized excitons. 6 In the work of Ma et al., oxygen dopant states were controllably introduced, leading to extend lifetimes and single photon emission even at room temperature. 7 While these previous results are exciting and demonstrate the ability to control defects in CNTs for improved light emission, the surfactant-coated geometry is not ideal for device fabrication. The emission wavelength of these previous studies remained close to or below 1000 nm. In the work presented here, we study enhanced emission out to the 1550 nm wavelength range, which is compatible with fiber optic telecommunications.
Here, we apply a UV/ozone treatment to air-suspended carbon nanotubes. Because of the exposed surface of the CNTs, sufficient O-doping for enhanced PL is achieved in just 20 s, 3 orders of magnitude more rapidly than previous attempts on surfactant-coated CNTs dissolved in solution. [8] [9] [10] [11] [12] [13] [14] Since ozone can damage carbon nanotubes, 15, 16 care was taken to minimize the exposure required to produce localized excitons. Raman spectra are also collected before and after the UV/ozone treatment in order to further characterize the defect creation process. 12, 17, 18 In this work, 2 lm Â 2 lm pillars are etched 8 lm deep in a quartz substrate using a Cl-based reactive ion etch plasma, as shown in Fig. 1 . 1 nm of Fe is deposited on the pillars to serve as a catalyst for the nanotube growth. Carbon nanotubes are grown by chemical vapor deposition (CVD) at 825 C using ethanol as the carbon feedstock, 19, 20 resulting in CNTs suspended across adjacent pillars, as shown in Figure 1 (d). PL images were taken using a defocused 785 nm laser in conjunction with a thermoelectrically cooled InGaAs camera (Xenics, Inc.) with a 5 s integration time. The ozone treatment was carried out in a UV/ozone cleaner (ProCleaner, BioForce, Inc.) using ambient air at 1 atm for 20 s. This UV/ozone cleaner uses a 10.15 W mercury, non-phosphorus coated quartz lamp ($4.6 mW/cm 2 at the sample surface). The lamp spectrum is mostly concentrated in the 180 nm-440 nm range peaking at 254 nm. Raman and PL spectra were collected using a Renihsaw InVia micro-spectrometer equipped with both silicon and InGaAs detector arrays. Scanning electron microscope (SEM) images (Figure 1(d) ) were taken after all optical characterization, in order to avoid quenching the CNT photoluminescence. An optical microscope image of a 4 Â 5 array of quartz pillars is shown in Figure 1(a) . Figure 1(b) shows a PL image taken from the same region of this sample before ozone treatment. A faint line can be seen connecting two adjacent pillars, corresponding to PL emission from a suspended CNT. Figure 1(c) shows a PL image of the same sample after ozone treatment, exhibiting a much brighter line, indicating substantial enhancement in the PL emission. In addition to the bright line in this image, several new bright spots appear originating from other CNTs that were previously too dim to see. Figure 1(d) shows an SEM image of the suspended CNT connecting two adjacent quartz pillars. Figure 2 shows the Raman and PL spectra of the suspended CNT shown in Figure 1 . A normalized PL spectrum is also included in supplementary material as Figure S1 . A sharp radial breathing mode (RBM) can be seen at 150 cm À1 (FWHM ¼ 10 cm À1 ). While the frequency of this mode remains essentially unchanged after the ozone treatment, we observe a substantial linewidth broadening after UV/ozone treatment, most likely due to sample inhomogeneity. The PL spectra exhibit a sharp peak centered at 1530 nm (FWHM ¼ 28 nm). The linewidth was fitted without including the shoulder at 1510 and 1560 nm, which are possibly due to phonon sidebands. In previous literature, similar spectral wings have been attributed to phonon sidebands emerging at low temperature, but were not observed at room temperature. 4, 21 This peak can be seen to increase in intensity by a factor of 5.1Â, in addition to a linewidth narrowing of 10 nm after UV/ozone treatment. The PL spectra peak position remains nearly unchanged after UV/ ozone treatment. We believe that the PL intensity enhancement shown in Fig. 2(b) originates from the introduction of oxygen atoms as dopants in our suspended CNTs. Those oxygen atoms create perturbed regions in the CNT that trap excitons, and result in more efficient radiative recombination. Thus, the PL intensity enhancement and linewidth narrowing can be observed after UV/ozone treatment. Unlike the previous reports in the literature, there are no new redshifted features in the PL spectra. Enhanced photoluminescence emission was observed in 10 out of a total of 11 individual air-suspended carbon nanotubes after a 20-s UV/ ozone treatment. These results are summarized in Table I . Here, an average increase in PL intensity of 3Â is observed as well as a linewidth narrowing from an average of 18.6 nm-13.6 nm after UV/ozone exposure. While most of the nanotubes show linewidth narrowing, samples 7 and 10 show a linewidth broadening, which could be due to the presence of many defects causing inhomogeneous broadening. The photoluminescence emission from the nanotubes in this study lie in the wavelength range from 1265 to 1530 nm. This range is largely determined by the finite diameter distribution and the fixed excitation laser wavelength (785 nm), which samples only a small portion of the Kataura space. In order to extend these wavelengths to 1550 nm, different diameters should be selected, and a longer excitation wavelength should be used. Typically, trapped excitons are lower in energy by several k B T with respect to free exciton states. However, here, we do not observe any systematic redshift in our spectra. One possible explanation for this is that the excitons are getting imprisoning between two reflecting O-defects. Another possible explanation is that the O-plasma treatment is simply cleaning the surface of these nanotubes (i.e., removing nonradiative recombination centers), thus not producing a redshift.
The D-and G-band Raman spectra taken before and after UV/ozone treatment are plotted in Figure 3 . Here, we see a 3-fold increase in the D-band Raman intensity, corresponding to the introduction of defects, while the intensity of the G-band does not change after UV/ozone treatment. Table  II lists a summary of changes observed in the D-band Raman intensity and G-band linewidth after UV/ozone treatment. While substantial changes in the G-band linewidth (both broadening and narrowing) are observed, no symmetric shift is observed in the ten samples measured in this study. All ten 3 . D-and G-band Raman spectra of CNT before (black) and after (red) exposure to the UV/ozone treatment. of these nanotubes, however, showed a substantial increase in the D-band Raman intensity. We also performed longer UV/ozone exposures to the photoluminescent pristine CNT for 2 min. After the 2-min UV/ozone exposure ( Figure S2 of the supplementary material) , all of the bright spots disappear. Previous demonstrations of oxygen doping have been carried out on surfactant-coated carbon nanotubes dissolved in solution, thus requiring substantial longer ozone/UV exposure times ($15 h). Here, the ozone treatment is more efficient because the surface is exposed in these air-suspended CNTs. Therefore, there is an inherent limitation in the UV/ozone treatment of these air-suspended nanotubes. Once a substantial amount of defects are formed, these delicate hanging structures simply collapse, which quenches their photoluminescence. As such, it is unlikely that the high densities of O-defects previously obtained in surfactant coated nanotubes can be achieved using this approach.
In summary, we demonstrate a reliable and scalable method using a UV/ozone treatment to enhance the photoluminescence intensity of air-suspended carbon nanotubes. Here, a 20-s UV/ozone exposure gives enhanced PL intensities by up to a factor of 5Â. This is considerably more rapid than oxygen doping on surfactant-coated carbon nanotubes dissolved in solution reported in previous literature. The enhanced photoluminescence originates from oxygen defects that locally trap excitons, increasing their radiative recombination efficiency. This UV/ozone treatment also results in a 3-fold increase in the D-to-G band Raman intensity ratio, further corroborating the creation of defects. The ability to control and engineer defects in CNTs is important for realizing several optoelectronic applications such as light-emitting diodes and single photon sources.
See supplementary material for normalized PL spectra of carbon nanotubes before and after 20 s UV/ozone exposures and PL images of carbon nanotubes before and after 2 min UV/ozone exposures.
